Load control is the reduction of extreme aerodynamic forces to enable lighter, more efficient aircraft. Current load control technologies are limited to low frequency disturbances. In this paper the mini-tab, a small, span-wise tab placed on the airfoil upper surface, is investigated as a high frequency alternative through periodic oscillations to identify its unsteady aerodynamic transfer function. Force measurements were conducted on a NACA0012 airfoil at a Reynolds number of 6.6x10 5 with a deployable mini-tab located at xf/c = 0.85, with actuation performed at reduced frequencies, k ≤ 0.79. The force measurements indicate that the mini-tab has a decreasing effect on lift reduction with increasing actuation frequency. This trend is comparable to Theodorsen's function, based on the change in circulation. For α = 0°, the normalized peak-to-peak lift reduction decreased from 1 for steady state deployment to around 0.6 at k = 0.79. In addition, a phase lag exists between the mini-tab deployment and the aerodynamic response which increased with actuation reduced frequency, k. However, the measured phase lag is substantially larger than Theodorsen's prediction. Increasing the angle of attack, α reduced the mini-tab's effect on lift while increasing the phase angle when comparing equal k values. Particle Image Velocimetry measurements indicate that the delay and reduction in effectiveness of periodic deployment is due to the presence and growth of the separated region behind the mini-tab. Overall, the minitab was found to be an effective, dynamic lift reduction device with the separated region behind the mini-tab key to the amplitude and phase delay of lift response. 
I. Introduction
he subject of aerodynamic flow control through both active and passive means has become an increasingly important topic in recent years. In order to simultaneously meet environmental demands, i.e. the ACARE Vision 2020 and Flightpath 2050 legislation and increased demand from passengers, innovative solutions across all areas of the aircraft must be examined to solve the nascent problems within modern aviation.
The aircraft wing box, located between the wings, is one of the largest and heaviest structures on the aircraft. Its strength and stiffness is defined by the most extreme loads, those generated during gusts, turbulence and extreme maneuvers, even though these events rarely occur. These events are typically short but severe in nature, with a maximum reduced frequency, k up to 1 possible 1 . Current load alleviation strategies use large control surfaces such as the aileron or spoiler, however, these devices are large and have a poor frequency response. As such, managing the higher frequency loads passed to the airframe remains an important issue facing the aircraft designer. Therefore, an innovative and effective loads mitigation technique that is effective across the entire frequency range is needed.
A wide variety of novel flow control strategies have been proposed and examined, through both fluidic and mechanical means [2] [3] [4] , to reduce lift and manage aerodynamic loads. Research into two of these devices, the jet-flap and mini-tab, has been conducted at the University of Bath 5, 6 . This research has shown both actuators to be effective lift control strategies in a static configuration (i.e. steady blowing or a stationary mini-tab). The focus of this study is to investigate the effectiveness of the mini-tab during dynamic, periodic deployment.
The mini-tab consists of a small, span-wise tab placed normal to the surface of the airfoil. This type of device is used widely in the form of the Gurney flap for lift increase through application close to the trailing edge on the lower surface. As first hypothesized by Liebeck 7 , a counter-rotating vortex pair is initiated behind the tab, creating a change in the circulation about the airfoil. The separated region creates effective increase in the airfoil camber, with a displacement in the Kutta condition downstream of the airfoil trailing edge. This moves the final part of the pressure recovery off-surface, increasing overall suction. Upper surface placement produces the reverse effect: a lift decrease with previous work 5 finding similar effects to those hypothesized by Liebeck at zero angle of incidence. The theory of Liu & Montefort 8 suggests that mini-tab lift reduction scales with the square root of mini-tab height. Figure 1 illustrates the previously evaluated 5 lift coefficient and flow-field measurements at a range of chord-wise locations, xf /c and angles of attack, α. The mini-tab's effect on lift was determined to be highly dependent on both parameters. For a normalized height, h/c = 0.02, mini-tab placement close to the trailing edge had a decreasing effect with increasing angle of attack towards stall, as the baseline flow separation engulfs the mini-tab. Utilization close to the mid-chord (xf /c = 0.60) produces a large lift reduction across a wide range of angles of attack (⍺ = 0 to 5°) with a steady state change in lift coefficient, ΔCL,ss of up to -0.60 for a mini-tab of height, h/c = 0.04. As with the trailing edge location, the mid-chord reduces in effectiveness towards stall. Placement close to the leading edge (xf /c = 0.08) efficiently separated the flow at low incidences with little change in lift due to flow reattachment, however, with increasing angle of attack a corresponding increase in lift reduction can be observed with ΔCL,ss ≈ -0.68 feasible for h/c = 0.04.
Although the mini-tab has been found to be effective at reducing lift in steady-state or static deployment, the dynamic effects of deployable mini-tabs have been less widely evaluated. Investigation of these effects is key to determining its usefulness as a high frequency actuator, in terms of any phase delay between deployment and aerodynamic effect and amplitude of lift change with respect to deployment frequency, k. From this, an aerodynamic transfer function could be determined, allowing for the design of an accurate and robust controller for aerodynamic loads control during gusts.
The majority of previous research has been completed at reduced frequencies that are lower than those required for the current application, with k < 0.2 typical for most experimental measurements 9 . This reduced frequency is indicative of actuation on a helicopter blade, where lift augmentation on the retreating blade is desired and is a function T of the blade frequency. Matalanis et al 10 investigated a mini-tab like device oscillating at reduced frequencies between k = 0.032 and 0.16. The results of this study indicated that the mini-tab's ability to augment lift reduced with increasing deployment frequency along with an associated delay in response. The study of Tang & Dowell  11 indicated the opposite trend, with an increase in actuation frequency producing an enhancement in aerodynamic loading, also noting the delay in aerodynamic response. The computations of Kinzel et al 12 provide the largest ranging study in the effects of mini-tab use at higher reduced frequencies. The effects are evaluated computationally for a range of airfoil profiles and test conditions with reduced frequencies, k ≤ 1. Expressed in terms of a normalized lift augmentation ratio, results show a reasonable agreement with the trends predicted by Theodorsen's circulation function 13 , which has been widely used in the field of oscillating airfoils. This is corroborated by the work of Lee & Kroo 14 , who found similar trends in amplitude. Phase angle between mini-tab deployment and lift augmentation was found to increase with reduced frequency in line with Theodorsen's function 12, 14 . However, the function has some limitations in its derivation: any non-linearities in the flow-field such as vortex interaction are not considered. The flow behind the mini-tab is highly separated and thus experimentation is key to fully evaluating the actuator's effects and predicting the non-linear behavior. Additionally, it has been noted that as the deployment reduced frequency increases, a hysteresis loop 10, 11 develops, when the time dependent change in lift, ∆CL(t) is compared to the normalized mini-tab deployment, h/c. Kinzel et al 12 also note the effect of upstream mini-tab employment, suggesting that the hysteresis loop develops more quickly for upstream placement than for placement at the trailing edge with respect to the deployment reduced frequency, k.
This paper presents experimental measurements for a sinusoidally oscillating mini-tab at reduced frequencies of up to k = 0.79. The experiments investigate the effect on lift reduction and phase angle between mini-tab deployment and lift response across a wide range of angles of incidence with the mini-tab placed close to the trailing edge. In addition, phase-locked Particle Image Velocimetry measurements are displayed to indicate the effects of the mini-tab on the flow in the vicinity of the airfoil. The current study aims to investigate the mini-tab at higher than previously measured reduced frequencies to determine the mini-tab's aerodynamic properties.
II. Experimental Apparatus and Procedure

A. Experimental Setup
The experiments presented were all completed at the University of Bath's large wind tunnel facility. The test section has dimensions of 2.13 x 1.51 x 2.70 m and uses an octagonal cross-section to reduce the influence of secondary flow effects. The wind tunnel itself is of a closed loop design. The free-stream velocity, U∞ used during the experiments was 20 ms -1 with a turbulent intensity of less than 0.5%. Figure 2 illustrates the working section, with the wing in-situ and air bearing force balance set up shown above the wind tunnel. Figure 3 shows a schematic of the wing used for the tests. A NACA0012 profile was utilized due to its symmetric nature and the wide range of data available in the literature. A Reynolds number, Re of 6.6 x 10 5 was obtained based on the airfoil chord, c = 0.5 m. The span, b was chosen to be 1.5 m such that the wing fully traversed the cross-section of the tunnel with a small clearance of 5 mm or 0.3% of the overall span. This avoided physical interference with the wind tunnel walls to provide accurate measurements, while creating test conditions analogous to that for an infinite span via the use of the wind tunnel walls as end plates. Boundary layer transition was promoted via the use of a trip wire at the point of maximum velocity, as suggested by Barlow 15 . Using the methods described by Pankhurst & Holder 16 , a wire of diameter 0.3 mm was placed at a chord-wise location of x/c = 0.10. The wing itself is constructed in two parts as shown in Fig. 3(a) . The initial 0.725c is constructed from a carbon fiber composite with an aluminum support structure comprising endplates and a mounting spigot to create a rigid yet light wing. The final 0.275c of the profile is constructed from selective laser sintered (SLS) Nylon and was made in five 0.3 m sections. This allowed for alteration of the actuation method (mini-tab or jet flap) in the vicinity of the trailing edge.
The mini-tab's chord-wise location was xf /c = 0.85 with a maximum mini-tab height, hmax /c = 0.015 achievable. The location was chosen as the closest point to the trailing edge where the deployment height could be produced due to the geometric constraints of the trailing edge. Previous measurements 5 have shown that the static lift reduction of xf /c = 0.85 is extremely similar to that for locations closer to the trailing edge, i.e. xf /c = 0.95. The mini-tab itself was constructed from 3 mm thick acrylic and is of length 1475 mm, providing a small gap at either end equal to 0.8% of the overall span, b to avoid interference with the wind tunnel walls. Due to the size constraints of the trailing edge section the ideal, linear deployment profile for the mini-tab was not achievable. Instead the mini-tab uses two rotational elements per section supported on a pair of micro ball-bearings, with the mini-tab moving through a slight arc as shown in Fig. 3(b) . A difference in mini-tab angle of 13° between the minimum and maximum deployment heights is created by the setup. Measurements by Wang et al 17 indicate that, for angles close to normal to the surface, the effect of mini-tab angle on lift augmentation was negligible.
The actuation mechanism for the mini-tab is shown in Fig. 3(c) . Actuation of the mini-tab is provided by an array of five Voice Coil Actuators (VCAs), one per trailing edge section. The BEI-Kimco LA08-10-000A VCA was positioned in a chord-wise direction, with the linear motion of the VCA translated through 90° by a linkage. The VCAs provided a displacement amplitude of 4 mm, which was increased by the linkage to a maximum mini-tab deployment of 7.5 mm corresponding to hmax /c = 0.015. The design is similar to that evaluated by Tsai et al 18 , however the linkage is of a sliding design, opposed to the pinned, 4 bar linkage mechanism used in the literature.
In order to accurately monitor and produce the desire actuation profile, the mini-tab's motion was controlled using a PID controller: the GALIL DMC-30012. The deployment of the mini-tab is monitored by a Renishaw RGH-34 encoder with a resolution of 0.01 mm. This provides displacement feedback to the controller which, through a PID control algorithm with additional feedforward velocity and acceleration terms, allowed the desired deployment profile, generated by a National Instruments compact RIO (cRIO), to be accurately executed. In the measurements presented within this paper, displacements of hmax /c = 0.01 and 0.015 were accurately achieved up to deployment reduced frequencies, k of 0.79 with maximum average deployment error of less than 5%.
B. Force Measurements
The airfoil was mounted in the test section from above via a new innovative design of force balance. Frictionless air bearings support the weight of the wing and force balance carriage and are aligned in a direction parallel to that of the lift force produced by the airfoil (y-axis). The air bearings remove any bending moment to leave pure lift force allowing for a sensitive force measurement apparatus with high frequency response. The load was applied through a FUTEK S-type strain gauge based force transducer.
The signal from the force transducer was conditioned and acquired using a National Instruments cRIO system. In addition, the cRIO provides and monitors the actuator's input and acquires mini-tab's position. By acquiring all 3 concurrently, any delay in the response of the aerodynamic system or mechanical system could be accurately determined. The force and input signals were acquired at 5 kHz. The mini-tab's position was acquired in the form of a quadrature signal at 50 kHz; the high acquisition frequency was required due to the mini-tab's high peak velocity.
Before each set of experiments, a static calibration was performed in order to find a force-voltage constant via a linear regression. Forces in the form of known weights were applied such that the constant could be determined using a minimum of 10 discrete data points between 0 and 150 N.
In order to facilitate accurate measurement of the angle of attack, α, the air bearing carriage includes an integrated SICK rotary encoder with a measurement accuracy of ± 0.02°. Angles of attack, α = 0, 5, 8, 10 and 13° were used to investigate the effects of dynamic mini-tab actuation at angles of attack up to and including stall. Table 1 summarizes the experimental parameters investigated during the force measurements. 
C. Dynamic Force Balance Calibration
A dynamic force balance calibration was completed, using the comparison method as outlined by Kumme 19 , before aerodynamic force measurements were performed. This calibration experiment, completed in quiescent air, allows a transfer function between the measured force by the force balance and a known input force to be determined. This allows for any system resonant modes to be accounted and corrected for. During this calibration, an electro-mechanical shaker was placed outside the wind tunnel and connected to the wing at its center of mass. The shaker creates a sinusoidal load which is passed through an in-line FUTEK force transducer to the wing. By monitoring the two force transducer signals a transfer function, in terms of phase delay and amplitude ratio between the air bearing force balance and the known input and measured output force, can be determined. The experiment was performed over 100 20 , with a typical uncertainty in amplitude ratio of ±2% (5% at resonance) and in phase angle of ±0.25° (±5° at resonance) calculated. The results of the dynamic force balance calibration are shown in Fig. 4 . From the measurements it can be noted that the first natural frequency of the system exists at around 7.25 Hz. At this frequency the amplitude ratio between input force and the force measured by the force balance peaks at around 20. In terms of phase angle, a rapid change exists at around 7.5 Hz, once again indicating resonance. It was determined that the amplitude ratio at 7.25 Hz is too high to reliably and accurately measure the aerodynamic forces during experiments. As such, no measurements will be reported between 7 and 7.5 Hz, corresponding to reduced frequencies of k = 0.55 and 0.59. A second smaller resonant mode exists at around 13 Hz, indicated by a peak in phase angle and a plateauing in the amplitude ratio. The input force to the force balance-wing system was varied between ±10, 25 and 50N. It can be seen that there is a very good agreement between the different input force values, indicating that there is no effect of input force on the dynamic response.
D. Measurement Processing
After acquisition all measurements were processed using MATLAB. In order to calculate both the amplitude and phase angle information required for the calibration experiment and the dynamic force measurements, a frequency domain processing method was employed. The raw data was converted using a Fast Fourier Transform, from which the amplitude and phase could be easily extracted for both mini-tab input and lift response. During the dynamic force measurements, the dynamic calibration transfer function was applied as a correction in the frequency domain. The measurements were then converted back to the time domain. As with the calibration experiment, the measurements were phase-averaged with a minimum of 100 phases considered.
E. Particle Image Velocimetry Measurements
Cases of interest were selected for further analysis using Particle Image Velocimetry (PIV). A TSI 2D-PIV system was used for the measurements. This consisted of a double pulsed 200 mJ 15 Hz Nd:YAG Quantel Evergreen laser, two eight Megapixel TSI PowerView CCD cameras (3,312 x 2,488 pixels) using Nikon 50 mm Nikkor lenses, a TSI LaserPulse synchronizer and a six jet TSI oil-droplet generator. The two cameras were mounted on a traverse below the wind tunnel in a "tandem" configuration. The cameras employ the same plane of interest, located at a span-wise location of z/b = 0.6 and are positioned 1 m below the wind tunnel. This span-wise location avoids disturbance of the flow due to the presence of pressure tappings at the mid-chord. The measurement plane was orientated normal to the airfoil chord. The dual camera setup allowed the full airfoil upper surface and wake to be viewed, with an overall field of view of 0.8 x 0.3 m. In this paper, a region of interest was selected close to the airfoil trailing edge in order to better show the subtle differences between the cases.
For each case a series of 500 image pairs were concurrently acquired for each camera. For the phase-locked measurements a synchronization pulse was used between the National Instruments cRIO system and the TSI synchronizer. The pulse could be accurately positioned within the mini-tab's desired profile at normalized phase values of t/T = 0.0, 0.25, 0.5, 0.75 in order to fully analyze the effects of the deploying mini-tab at those four positions in its deployment cycle.
TSI Insight 4G software was used to determine the in-plane velocity vectors using a fast Fourier transform cross-correlation algorithm between the image pairs. An interrogation region of 32 x 32 pixels was chosen, producing a spatial resolution of 0.2%c. In addition, an overlap between the cameras was used such that the two vector fields, one produced by each camera, could be accurately merged using MATLAB. A weighted average was used within the overlap region with a bias towards the closer image center. Fig. 5 is the nomenclature that will be used throughout this section to represent the steady-state and periodic lift coefficients. Firstly, the steady-state change in lift, ΔCL,ss is defined as the difference between the time averaged lift coefficient for the clean airfoil where no mini-tab is used, CL,h = 0 and the time-averaged lift coefficient corresponding to the maximum mini-tab height, CL,hmax. The maximum mini-tab height corresponds to the maximum value used in the periodic measurements: either hmax/c = 0.01 or 0.015. When oscillated periodically the mini-tab will produce a lift coefficient that is likewise periodic, CL(t). The periodic and time dependent change in lift, ΔCL(t) is defined as CL(t) -CL,h = 0. This periodic lift coefficient will have a phase-averaged maximum, CL,max and minimum, CL,min. Therefore, CL,min -CL,max refers to the phase-averaged peak-to-peak change in lift for a particular reduced frequency. Finally, the mean change in lift, ΔCL,mean is once again measured from the baseline, clean configuration, CL,h = 0. Figure 6 shows steady-state lift measurements for angles of attack, α between 0° and 13°. The mini-tab was held at a static position between heights, h/c between 0 and 0.015. Lui & Montefort 8 theorized that the mini-tab should produce a steady-state change in lift proportional to the square root of the normalized mini-tab height:
III. Results and Discussion
Shown in
A. Baseline Steady-State Measurements
Previous measurements 5 along with comparison to existing literature 21, 22 for mini-tab locations close to the trailing edge have indicated that this expression, based upon thin airfoil theory, is valid for a range of airfoil profiles at zero degrees incidence 5 . In comparison to the theory, Fig. 6 indicates that for the present chord-wise location, xf /c = 0.85, there is reduction in effectiveness at small mini-tab deflections. This indicates that the square-root relationship is invalidated for this configuration. The small ΔCL,ss values may be due that at small mini-tab heights, the mini-tab has a lower effectiveness than at larger displacements, with the reduction in velocity close to the surface within the boundary layer inhibiting the mini-tab's ability to reduce lift. As such, to better fit the behavior of the mini-tab at all angles of attack a cubic regression is applied as a line of best fit, rather than the square-root relationship. This better represents the relationship and will be used as quasi-steady response (k → 0) in Section III.B. The steady-state response, ΔCL,ss is used to normalize the dynamic lift change measurements, allowing for accurate comparison of the mini-tab's effect between angles of attack.
As α increases towards stall at 13°, the steady-state change in lift decreases in line with previous measurements. A reduction in ΔCL,ss from -0.17 at zero degrees to -0.04 at 13° is observed for a mini-tab height of h/c = 0.015. The reduction, as previously stated, can be attributed to the movement of flow separation to ahead of the mini-tab location at high angles of attack, inhibiting the mini-tab's influence on the flow.
B. Periodic Force Measurements
Dynamic mini-tab measurements were completed at angles of attack from 0° to stall at α = 13°, to fully evaluate effect of reduced frequency. The results are presented in Figs. 7 to 11 for mini-tab deployment up to hmax /c = 0.01 and 0.015.
Firstly, Fig. 7 presents the phase-averaged, time dependent change in lift, ΔCL(t), normalized by the steady-state value, ΔCL,ss. This is presented for three reduced frequencies, k = 0.2, 0.39 and 0.63 for a maximum mini-tab deployment of hmax /c = 0.015 and angle of attack, α = 0°. This is presented as a function of the normalized time within the phase, t/T where T is the period of oscillation. A t/T value of 0 indicates that the mini-tab is fully stowed within the airfoil surface, whereas t/T = 0.25 & 0.75 represent a mini-tab which is half deployed (h/c = 0.0075) and t/T = 0.50 is the fully deployed (h/c = 0.015) condition. In addition, a k → 0 indicates the steady-state value. This is equivalent to a case where the mini-tab is moved infinitely slowly such that steady-state aerodynamics are conserved. By definition for this case, a maximum value ΔCL(t)/ ΔCL,ss = 1 is obtained at t/T = 0.5. In addition, it can also be noted that the response is not a perfect sine wave. This is due to the non-linearity in ΔCL,ss with respect to the mini-tab height, h/c.
In comparison to steady-state deployment, actuation of the mini-tab at a reduced frequency, k = 0.2 indicates a decrease in the lift reducing ability of the mini-tab, reaching a peak normalized value of ΔCL(t)/ΔCL,ss = 0.93. The phase-averaged results are shifted to the right when compared to the k → 0 case, implying a delay between the deployment of the mini-tab and the corresponding aerodynamic response.
Increasing the actuation frequency further to k = 0.39 and 0.63 indicates the same trend, with a decrease in the amplitude of the phase-averaged measurements with an increased phase delay. Additionally, clear non-linearities in the aerodynamic response can be noted, most clearly for k = 0.63 where a double peak in ΔCL(t)/ΔCL,ss is observed.
In order to investigate the effects of increased reduced frequency, a wide range of measurements were conducted between k = 0.04 and 0.79, with values close to the system resonant frequency (k = 0.55 and 0.59) omitted due to the relatively high uncertainty. These results are presented in Figs. 8 to 11 . First, in Fig. 8 the measurements are presented in the form of the phase-averaged peak-to-peak change in lift, CL,min -CL,max calculated as the difference between maximum and minimum lift coefficient within the phase averaged data (see Fig. 5 ).. By comparing Figs. 8(a) to (e) it can be noted that the CL,min -CL,max at zero degrees is much larger than that for 13°, which is consistent with the steady-state measurements. For all angles of attack, it can be observed that as the reduced frequency of sinusoidal mini-tab actuation, k is increased the lift reducing ability of the mini-tab reduces.
In order to better consider the decay in the peak-to-peak change in lift, CL,min -CL,max is normalized by the respective steady-state value, ΔCL,ss and is presented in Fig. 9 . Also included is Theodorsen's circulation function, C(k). Figure  9 (a) presents measurements taken at α = 0°. A decay in the normalized peak-to-peak change in lift, (CL,min -CL,max)/ΔCL,ss can be clearly observed, with Theodorsen's function showing a good agreement. This result is surprising, given the derivation of Theodorsen's function, which is intended for pitching and plunging airfoils without any consideration for flow separation as produced by the mini-tab.
Figures 9(b) to (e) indicate the effects of increasing the angle of attack, α on the normalized peak-to-peak change in lift. Increasing the angle of attack reduces the mini-tab's effectiveness as the reduced frequency, k is increased. This is most noticeable for stall, corresponding to an angle of attack of 13° (Fig. 9(e) ), where a more rapid decrease in (CL,min -CL,max)/ΔCL,ss is observed than at α = 0°. Figure 10 presents the phase angle of the phase-averaged signal. This was calculated from the first harmonic of the lift response, corresponding to the mini-tab actuation frequency. A more negative phase angle indicates a greater delay in lift response. The measurements for α = 0° indicate an almost monotonic increase in the phase angle, φ with respect to reduced frequency, k. When comparing hmax/c = 0.01 and 0.015 it is evident that there is an agreement between the two maximum mini-tab heights, suggesting that there is no effect of mini-tab height on phase angle. In addition, when compared to Theordorsen's function there is little agreement, with a much larger magnitude phase angle generated for the mini-tab measurements. Comparing Figs. 10(a) to (e) it can be noted that the phase angle increases as the angle of attack increases.
Finally, Fig. 11 presents the phase-averaged mean change in lift, ΔCL,mean.as a function of reduced frequency, k.
For ⍺ = 0°, as with the previous static measurements, it can be noted that hmax/c = 0.015 produces a larger ΔCL,mean than hmax/c = 0.01. As the frequency of actuation increases, it can be noted that there is not a significant alteration in ΔCL,mean. Figs. 11(b) to (e) also show that effect is consistent when the angle of attack is increased. In conjunction with the decrease in the peak-to-peak change in lift, the constant mean value indicates that the lift coefficient does not return to the steady-state minimum or maximum lift coefficient values for high frequency actuation, and rather reduces about a mean value. Overall, the behavior of the mini-tab is similar to that evaluated computationally 12, 14 in terms of lift augmentation ratio with a decrease comparable to Theodorsen's function but not in terms of phase angle. In addition, there still exists a need to evaluate the effect of periodic deployment on the flow-field in order to understand the mechanisms and large phase lags involved with periodic mini-tab deployment. Firstly, the steady-state effect of mini-tab employment, corresponding to k → 0 is considered in the first column in Figs. 12 and 13 . The mini-tab positioned at t/T = 0.25 and 0.50 corresponds to a normalized mini-tab height, h/c = 0.0075 and 0.015, equating to 50% and 100% of the deployment range. In line with previous measurements, the increase in mini-tab height produces a larger recirculation region behind the mini-tab. The recirculation region is key to the mini-tab's effectiveness, causing an effective decrease in the airfoil camber reducing lift. Also, Fig. 13 shows that the region of vorticity present behind the mini-tab increases in size with increasing deployment height and is displaced further away from the surface. This indicates that the shear layer produced by the mini-tab is displaced further away from the surface. It is important to note that, for a steady-state measurement (k → 0), t/T = 0.25 and 0.75 are the same by definition.
C. Phase-Locked Particle Image Velocimetry Measurements
In order to analyze the effects of a periodically deploying mini-tab on the flow, each position in the phase will be analyzed individually. For t/T = 0.00 the mini-tab is fully stowed within the trailing edge. The phase-averaged force measurements indicate an increasing delay in lift response as k is increased. Although the effect is subtle between the three reduced frequencies, by looking at the streamlines present in Fig. 12 it can be observed that increasing k from 0.20 to 0.63 causes a slight upward displacement in the streamlines, indicating a decrease in lift. This effect can more clearly be observed in Fig. 13 , where the region of negative vorticity emanating from the upper surface is displaced further upwards for k = 0.63 than 0.20.
Moving to t/T = 0.25, the mini-tab is now positioned at h/c = 0.0075. The delay in lift is more clearly observable for this position. In Fig. 12 it is noticeable that as k increases the separated region behind the mini-tab decreases, indicative of a reduction in effect. This is also observable in Fig. 13 , where a reduction in the size of the region of vorticity behind the mini-tab is present. This corroborates the results found during the force measurements, which indicate a reduction in mini-tab effect as k increases.
The delay and reduction in effectiveness is less clear at t/T = 0.50, where the separated region behind the mini-tab appears to be similar for the three reduced frequencies. This is despite the relatively large differences in phase-averaged lift coefficient present at this time. The clearest comparison is between k → 0 and k = 0.63 where the separated region appears smaller for the periodically deployed mini-tab. Due to the sinusoidal deployment profile, the change in mini-tab height close to the maximum value is small with respect to time. In addition, the gradient of the steady-state change in lift, ΔCL,ss gets smaller with respect to height close to hmax/c = 0.015. It may be that phase delay is masked by the relatively small changes in lift close to the maximum mini-tab height, thus producing a small difference in flow-field.
At t/T = 0.75 the effect of reduced frequency is once again easily observable. At this position, the mini-tab is retracting and thus a lag in response is indicated by an increase in the separation region's size. This is observable in Fig. 12 , where moving from k = 0.20 to 0.63 produces a larger separated region and an increased effect on lift coefficient (a greater lift reduction when compared to k → 0).
In summary, the PIV measurements clearly show the effects of a periodically deploying mini-tab on the flow-field. A separated region is initiated by the mini-tab which grows and shrinks throughout the deployment cycle. The separated region deflects the wake upwards, providing an effective reduction in the airfoil camber, reducing lift. The aerodynamic lag and alteration in effectiveness most clearly observable for t/T = 0.25 and 0.75 respectively and are in good agreement with the force measurements.
IV. Conclusions
A mini-tab located at xf /c = 0.85 was actuated with a sinusoidal profile of amplitude, hmax /c = 0.01 and 0.015 at reduced frequencies, k up to 0.79. It was found that the mini-tab is an effective lift reduction device. As actuation reduced frequency is increased, it was found that the mini-tab's ability to reduce lift was inhibited, with a peak-topeak lift reduction of 60% of the static value obtained for k = 0.79 and amplitude, hmax /c = 0.01. Additionally, it was found that for all angles below stall, the normalized lift reduction of the mini-tab compared favorably to Theodorsen's circulation function. However, the phase angle generated was not comparable, being much larger for mini-tab deployment. The angle of attack of the airfoil, α also produced a significant effect, with a reducing normalized peakto-peak change in lift and increasing phase angle as α increases. PIV measurements were taken for an angle of attack, ⍺ = 0°. The PIV measurements indicated a separated region formed behind the mini-tab, which deflected the streamlines upwards. As the deployment reduced frequency increases, the size and shape of the separation region changes, with the phase angle observable through comparison to the steady-state results. 
